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Abstract 

The  Explosively-Formed  Fuse  (EFF)  is  a  high-power 
opening  switch  that  uses  an  explosive  charge  to  interrupt 
current  flow  in  an  aluminum  conductor  [1].  As  such  we 
expected  the  foil’s  resistance  to  increase  with  increasing 
current  density  by  Joule  heating.  Yet  an  analysis  of  a 
large  number  of  experiments  clearly  showed  the  opposite 
was  true;  there  was  a  strong  negative  correlation  between 
the  peak  resistance  and  current  density.  In  the  paper  we 
analyze  various  possible  causes  including  thermal  soften¬ 
ing  of  the  metal,  magnetic  loading  of  the  explosive  and 
electric  breakdown  or  conduction  in  the  product  gases  at 
the  higher  applied  fields.  Our  analysis  suggests  that 
magnetic  loading  is  responsible  for  the  degradation. 


I.  INTRODUCTION 

The  Los  Alamos  National  Laboratory  EFF  opening 
switch  has  been  used  extensively  for  a  variety  of  high 
energy  density  physics  applications  [2] [3] [4] [5].  In  view 
of  the  importance  of  the  switch  we  have  invested  consid¬ 
erable  effort  in  its  development  to  optimize  its  reliability 
and  to  control  its  performance  [6] [7] [8]. 

In  the  course  of  development  of  the  EFF  switch  for 
high  voltage  applications  there  was  a  noticeable  and  un¬ 
expected  degradation  in  switch  performance;  the  resis¬ 
tance  was  lower  than  predicted.  Using  cylindrical  EFF 
switches  of  1 0  cm  diameter  and  43  cm  length,  currents  of 
approximately  3  MA  were  interrupted,  producing 
-200  kV.  This  indicates  that  the  switch  had  an  effective 
resistance  of  -100  m£2  whereas  150-250  mil  was  ex¬ 
pected.  To  understand  the  lower  performance,  and  to 
optimize  the  performance  of  the  full-scale  experiments, 
several  parameters  were  studied  in  a  series  of  small-scale 
experiments.  Eventually  it  was  learned  that  the  switch 
performance  in  the  10  cm  diameter  EFF  was  limited  by 
explosive  initiation  problems  peculiar  to  the  10  cm  as¬ 
sembly,  and  these  were  successfully  corrected.  How¬ 
ever,  that  was  not  before  the  small-scale  tests  were  per¬ 
formed  and  some  interesting  results  obtained.  Of  the 


many  aspects  of  the  switch  that  were  studied,  this  paper 
focuses  on  identifying  the  possible  mechanisms  for  per¬ 
formance  degradation. 


II.  EXPERIMENTAL  ARRANGEMENT 

Planar,  rather  than  cylindrical,  assemblies  were  fired  for 
simplicity,  and  economy.  These  experiments  were  de¬ 
signed  to  match  the  electrical  and  physical  conditions  of 
the  full-scale  switches.  The  standard  small  scale  planar 
EFF  design  comprises  the  Teflon  die,  the  explosive  drive 
system,  the  aluminum  foil,  return  conductor  and  insula¬ 
tion;  see  Figure  1  for  the  explosive  lens-driven  system. 


Figure  1.  A  typical  small  scale  experiment  with  an 
explosive  plane  wave  lens  (L),  the  high  explosive 
(HE),  five  teeth  (T)  in  the  Teflon  die,  six  gaps  (G),  the 
aluminum  conductors  (Al),  the  conducting  foil  (F), 
and  the  polyethylene  insulator  (PE).  The  circuit  elec¬ 
trodes  are  connected  to  the  top  and  bottom  aluminum 
conductors  on  the  right. 

The  plastic  die  is  a  19.05  x  165.1  x  165.1. mm  (0.75  x  6.5 
x  6.5  inches)  Teflon  block.  A  series  of  12.7  mm  deep, 
6.0  mm  wide  grooves  are  cut  across  the  block  with  a  cen¬ 
ter  to  center  spacing  of  7.5  mm;  this  leaves  a  series  of  1.5- 
mm  wide  Teflon  teeth.  In  the  early  studies  we  used  nine 
teeth,  so  there  were  ten  grooves.  Later  on  we  realized  that 
lateral  rarefactions  from  the  top  edges  of  the  explosive 
could  encroach  on  the  outside  teeth  in  this  design,  so  we 
reduced  the  number  of  grooves  to  six  (i.e.,  five  teeth). 


This  work  was  supported  by  the  U.S.  Department  of  Energy  and  the  Air  Force  Research  Laboratory 
1  DX-2,  MS  J566,  Los  Alamos,  NM  87545;  email:  tasker@lanl.gov 

0-7803-9189-6/05/$20.00  ©2005  IEEE.  441 


Report  Documentation  Page 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 
VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 


1.  REPORT  DATE 

JUN  2005 


2.  REPORT  TYPE 

N/A 


3.  DATES  COVERED 


4.  TITLE  AND  SUBTITLE 

Mechanisms  For  Explosively-Formed  Fuse  Performance  Degradation 


6.  AUTHOR(S) 


5a.  CONTRACT  NUMBER 


5b.  GRANT  NUMBER 


5c.  PROGRAM  ELEMENT  NUMBER 


5d.  PROIECT  NUMBER 


5e.  TASK  NUMBER 
5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES)  8.  PERFORMING  ORGANIZATION 

Los  Alamos  National  Laboratory,  Los  Alamos,  New  Mexico,  87545,  USA  report  number 

9.  SPONSORING/MONITORING  AGENCY  NAME(S )  AND  ADDRESS(ES )  10.  SPONSOR/MONITOR' S  ACRONYM(S) 

11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release,  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

See  also  ADM002371.  2013  IEEE  Pulsed  Power  Conference,  Digest  of  Technical  Papers  1976-2013,  and 
Abstracts  of  the  2013  IEEE  International  Conference  on  Plasma  Science.  IEEE  International  Pulsed  Power 
Conference  (19th).  Held  in  San  Francisco,  CA  on  16-21  June  2013. 

14.  ABSTRACT 

The  Explosively-Formed  Fuse  (EFF)  is  a  high-power  opening  switch  that  uses  an  explosive  charge  to 
interrupt  current  flow  in  an  aluminum  conductor  [1].  As  such  we  expected  the  foils  resistance  to  increase 
with  increasing  current  density  by  Joule  heating.  Yet  an  analysis  of  a  large  number  of  experiments  clearly 
showed  the  opposite  was  true;  there  was  a  strong  negative  correlation  between  the  peak  resistance  and 
current  density.  In  the  paper  we  analyze  various  possible  causes  including  thermal  softening  of  the  metal, 
magnetic  loading  of  the  explosive  and  electric  breakdown  or  conduction  in  the  product  gases  at  the  higher 
applied  fields.  Our  analysis  suggests  that  magnetic  loading  is  responsible  for  the  degradation. 


15.  SUBIECT  TERMS 


16.  SECURITY  CLASSIFICATION  OF: 


a.  REPORT 

unclassified 


b.  ABSTRACT 

unclassified 


c.  THIS  PAGE 

unclassified 


17.  LIMITATION  OF 

18.  NUMBER 

ABSTRACT 

OF  PAGES 

SAR 

4 

19a.  NAME  OF 
RESPONSIBLE  PERSON 


Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


The  conductor  is  a  6.35-cm  (2.5-in.)  wide,  812.8-pm 
(0.032  in.)  thick  6061-T6  aluminum  foil.  (Other  metals 
have  also  been  studied;  moreover  we  have  found  that  the 
switch  performance  of  6061  aluminum  is  sensitive  to 
metal  temper  [9].) 

The  explosive  lens-driven  system  uses  a  100-mm  di¬ 
ameter  lens  to  initiate  a  1-in.  thick,  5.2-in.  square  slab  of 
PBX-9501.  We  have  also  used  an  alternative  tile-driven 
system,  not  shown,  which  uses  a  multipoint  initiation 
plate  to  distribute  a  matrix  of  detonation  points  across  its 
surface  instead  of  a  lens.  The  performance  was  more 
erratic  with  this  tile  system,  probably  due  to  breakdown 
through  the  plastics  employed  in  the  tile  assembly. 

The  effects  of  many  design  variations  have  been  stud¬ 
ied  including:  the  explosive  type;  the  aluminum  thick¬ 
ness;  the  current  density;  the  addition  of  Teflon  between 
the  explosive  and  the  aluminum;  the  type  of  die  plastic; 
the  cavity-depth  in  the  plastic  die;  the  surface  finish  of 
the  plastic;  and  the  load  inductance.  In  this  paper  we 
only  discuss  the  effects  of  changing  the  current  density 
on  switch  performance. 


III.  RESULTS 

We  will  refer  to  a  number  of  features  in  the  resistance 
profile  here,  in  particular  first  motion,  the  knee,  and  the 
peak;  see  Figure  2.  The  actual  values  of  resistance  de¬ 
pend  on  the  scale  of  the  switch,  but  the  time  scale  is  con¬ 
stant  and  these  basic  features  are  always  present. 

First  motion  is  the  time  when  the  shock  wave  from 
the  detonating  explosive  arrives  at  the  interface  between 


Figure  2.  Typical  features  of  a  resistance  waveform. 

The  time  is  in  ps  and  the  resistance  is  in  mohm. 

the  aluminum  foil  and  the  plastic  die  and  the  aluminum 
foil  starts  to  move.  It  is  characterized  by  a  negative  step 
on  the  resistance  plot  caused  by  reduction  of  the  induc¬ 
tance  under  explosive  compression;  the  time  axes  of  re¬ 
sistance  plots  are  normalized  to  first  motion.  Following 
first  motion  the  resistance  stays  small  for  typically  2  ps, 
the  rises  towards  the  knee',  this  is  a  saddle  point  in  the 
resistance  rise  and  typically  occurs  3  ps  after  first  mo¬ 
tion.  The  structure  of  the  resistance  rise  from  the  knee  to 
the  peak  determines  the  shape  of  the  voltage  profile 


across  the  switch  1  an  inductive  circuit  [10].  The  peak  is 
the  maximum  resistance  of  the  switch  before  the  resis¬ 
tance  falls;  it  usually  occurs  about  4.5  ps  after  first  mo¬ 
tion. 


Figure  3.  Plot  of  peak  resistivity  in  ohm.cm2/gap  vs. 
calculated  peak  magnetic  pressure  in  MPa. 


In  an  effort  to  identify  the  electrical  properties  that  con¬ 
trol  EFF  performance  we  plotted  various  parameters  in¬ 
cluding:  peak  resistivity;  knee  resistivity;  time  for  resis¬ 
tance  to  rise  to  10%  of  the  resistance  peak;  and  voltage 
developed  per  gap  as  abscissas  against  a  range  of  different 
ordinates.  These  performance  abscissas  were  plotted  as 
scaled  functions  of  many  ordinates  (scaled  according  to 
foil  volume  or  width)  including:  peak  current  density; 
peak  magnetic  pressure;  available  energy  in  the  circuit; 
energy  dissipated;  action  integral;  and  available  flux  in 
the  circuit  [9].  Of  all  these,  only  good  correlations  were 
obtained  between  peak  resistivity  data  in  explosive  lens 
driven  systems  and  magnetic  pressure  Pb  (Figure  3)  or 
current  density  (Figure  4)  as  ordinates.  (We  plotted  mag¬ 
netic  pressure  but  could  just  as  easily  have  plotted  current 


Figure  4.  Plot  of  peak  resistivity  in  ohm.  cm2/ gap  vs. 
peak  current  density  (I/W)  in  kA  per  cm-width  of  foil. 


density  squared.)  Here  the  calculated  magnetic  pressure 
was  not  corrected  for  the  geometry  of  the  EFF  electrodes 
and  the  return  conductors;  it  was  simply  defined  as 


P„  = 


where  |i0  is  the  permeability  of  free  space 
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(4rtXl0  7)  and  1  is  the  current  through  the  EFF.  All  data 
presented  here  are  for  the  standard  planar  EFF  design, 
i.e.,  a  1.5  x  6.0  x  12.7  mm  tooth  pattern;  a  Teflon  die;  a 
6.35-cm  wide  x  32  mil  thick  6061-T6  aluminum  conduc¬ 
tor;  and  an  explosive  lens  system. 

In  Figures  3  and  4  the  resistances  are  normalized  as  R', 
the  resistance  in  ohm.cm2/gap,  where  R'  = 
(RxW)-KN+l),  the  conductor  width  is  W  and  the  number 
of  teeth  is  N.  As  can  be  seen,  the  correlation  of  Figure  3 
is  the  better  of  the  two. 


IV.  DISCUSSION 

The  inverse  correlations  of  EFF  peak  resistivity  with 
current  density  (I/W)  or  (I/W)2  shown  above  begged  the 
question  of  what  mechanism  degrades  EFF  performance. 
Candidates  we  considered  included  thermal  softening  of 
the  metal  due  to  Joule  heating;  magnetic  dead-pressing 
of  the  explosive;  electric  breakdown;  and  conduction  in 
the  product  gases  of  the  explosives. 

A.  Joule  heating 

In  a  typical  small  scale  experiment  the  current  rises  to 
a  peak  according  to  the  LCR  resonance  of  the  circuit,  and 
the  EFF  is  opened  at  the  time  of  the  first  peak;  i.e.,  after 
approximately  a  quarter  cycle.  The  foil  temperature  rise 
due  to  Joule  heating  was  not  thought  to  be  a  candidate 
for  a  degradation  of  performance  because  the  calculated 
rise  is  relatively  small.  For  example,  for  the  standard 
peak  current  density  of  79  kA/cm,  a  32-mil  thick  6061- 
T6  aluminum  foil,  and  assuming  a  room  temperature  of 
300K  (27°C),  the  foil  temperature  rises  to  50°C  for  a 
current  density  rising  sinusoidally  to  a  peak  in  35  pis. 

B.  Shock  heating 

By  comparison,  we  have  calculated  that  the  direct  con¬ 
tact  with  the  detonating  explosive  shocks  the  aluminum 
to  35  GPa,  followed  by  an  adiabatic  release  to  ~1  GPa  as 
the  aluminum  is  projected  into  the  air  cavity  between  the 
teeth  of  the  Teflon  die.  The  mechanical  work  done  on 
the  aluminum  by  shock  compression  raises  the  tempera¬ 
ture  to  550°C  and  the  subsequent  release  causes  the  tem¬ 
perature  to  fall  to  260°C  [11].  (Further  heating  of  the 
aluminum  occurs  during  plastic  deformation  as  it  is  ex¬ 
truded  and  thinned  around  the  Teflon  teeth.)  So  the  ef¬ 
fects  of  Joule  heating  are  relatively  small  in  comparison 
to  shock  heating  and  mechanical  deformation. 

C.  Explosives  conduction 

It  is  known  that  the  product  gases  of  detonating  PBX- 
9501  explosive  are  electrically  conductive  [12];  the  elec¬ 
trical  conductivity  is  estimated  to  be  <1  S/m  at  the  time 
the  EFF  reaches  peak  conductivity.  The  temperature  of 
the  gases  is  of  the  order  of  3000K  to  5000K,  i.e.,  two 
orders  of  magnitude  greater  than  the  estimated  tempera¬ 
ture  due  to  Joule  heating.  So,  although  the  explosives’ 
gases  will  reduce  the  peak  resistivity  of  the  EFF,  the  ex¬ 
plosives  resistivity  will  be  little  affected  by  changes  in 


current  density.  We  therefore  discount  this  as  the  degra¬ 
dation  mechanism. 

D.  Electrical  breakdown 

We  doubt  that  this  is  the  mechanism  of  degradation  be¬ 
cause  the  reduction  of  resistivity  is  a  monotonic  function 
of  current  density,  as  in  Figs.  3  and  4,  whereas  electrical 
breakdown  is  usually  a  catastrophic  event  and  would 
therefore  cause  an  abrupt  change  in  these  curves. 

E.  Magnetic  Dead-pressing 

The  magnetic  pressure  due  to  current  flowing  in  the 
aluminum  foil  exerts  a  pressure  upwards  against  the  ex¬ 
plosive  shown  in  Figure  1.  If  the  current  density  is  large 
enough  it  can  compress  the  explosive,  by  eliminating  the 
voids  within  it,  and  reduce  its  sensitivity  to  the  point  that 
it  may  not  initiate.  This  is  termed  dead-pressing  [13]  and 
in  this  case  depends  on  the  current  density  and  the  strain 
rate.  The  current  density  determines  the  applied  magnetic 
pressure  to  the  sample,  and  the  strain  rate  dependence  is 
due  to  the  fact  that  an  explosive’s  compressive  modulus 
and  strength  are  functions  of  strain  rate. 

We  can  estimate  the  maximum  strain  rate  £  in  a  typical 
small  scale  (planar)  experiment  if  we  make  the  simplify¬ 
ing  assumptions  that  the  compressive  modulus  G  is  a  con¬ 
stant,  and  that  the  relief  waves  reflecting  back  from  a  free 
surface  are  sufficiently  delayed  that  they  have  little  effect 
(see  below)  Again,  if  the  current  rises 

sinusoidally  to  a  peak  in  a  quarter  cycle  period  of  35  ps 
the  total  period  T  =  140  ps.  The  pressure  varies  as  the 
sine2,  so  the  maximum  fractional  rate  of  change  of  pres¬ 
sure  is  //p^/^  =  2/'y1  >  which  equates  to  45  xlO3  s"1. 

From  these  data  we  can  estimate  the  strength  of  the  explo¬ 
sive. 

In  an  actual  small  scale  planar  system  the  upper  surface 
of  the  explosive  is  a  free  surface  and  rarefactions  limit  the 
compression  across  the  sample  and  hence  the  strain  rate. 
A  50  mm  thick  explosive  package  is  typical  for  a  small 
scale  system  and  the  longitudinal  wave  velocity  in  the 
explosive  (PBX-9501)  is  2.8  km/s.  So  the  roundtrip  tran¬ 
sit  time  from  the  aluminum  foil  to  the  free  surface  and 
back  again  is  36  ps.  This  is  close  to  the  risetime  of  the 
sinusoidal  current  in  the  foil. 

Initially  the  explosive  is  adiabatically  compressed  by 
the  B-field  according  to  the  wave  impedance  of  the  explo¬ 
sive  (Z).  The  explosive  mass  moves  at  the  particle  veloc¬ 
ity  u  under  the  action  of  the  magnetic  pressure  PB,  where 
u  =  TyZ,  Eventually,  upon  arrival  of  the  rarefaction 
wave  after  36  ps,  the  explosive  and  aluminum  separate  en 
masse  from  the  Teflon  block  under  the  action  of  the  B- 
field.  The  maximum  strain  rate  is  likely  to  be  somewhat 
less  than  45xl03  s’1  because  of  these  relief  waves  but  still 
significantly  higher  than  the  strain  rates  for  which  we 
have  good  mechanical  data. 

The  compressive  modulus  and  strength  of  an  explosive 
are  strong  functions  of  the  strain  rate;  the  explosive  stiff¬ 
ens  with  increasing  strain  rate  [14].  The  compressive 
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strength  of  PBX-9501  is  ~60  MPa  (~69  ksi)  at  3xl03  s'1 
(the  largest  strain  rate  cited  for  PBX-9501  in  the  refer¬ 
ence),  and  the  maximum  strain  is  ~1%.  The  true  explo¬ 
sive  strength  under  the  influence  of  the  B-field  at 
4.5xl04  s"1  will  be  higher,  as  will  the  compressive 
modulus;  hence  the  strain  will  be  lower. 

In  a  typical  small  scale  experiment  the  current  peak  is 
500  kA  which  corresponds  to  a  current  density  of 
79  kA/cm  in  a  6.35-cm  width,  the  magnetic  pressure 
applied  by  the  aluminum  foil  to  the  explosive  is  then 
-39  MPa.  As  this  applied  pressure  is  less  than  the  com¬ 
pressive  strength  the  explosive  will  compress  elastically. 
We  can  estimate  a  compressive  strain  of  ~0.5%  from 
[14].  A  typical  PBX-9501  explosive  charge  is  pressed  to 
a  density  of  1840  kg/m3  compared  with  its  theoretical 
maximum  density  of  1855  kg/m3;  it  therefore  has  a  pore 
volume  of  just  0.8%.  Consequently,  a  0.5%  compression 
will  actually  reduce  the  void  volume  by  62%  to  just  0.3% 
which  can  dramatically  reduce  the  sensitivity  of  the  ex¬ 
plosive  [13]. 

F.  Likely  conditions  for  switch  failure 

From  the  plots  of  resistance  versus  pressure  (Figure  3) 
we  predict  that  the  switch  fails  to  open  (the  resistance 
goes  to  zero)  at  a  maximum  stress  of  -140  MPa  or 
150  kA/cm,  and  this  has  been  confirmed  by  experiments 
performed  at  that  current  density.  From  [14]  we  know 
that  140  MPa  likely  exceeds  the  strength  of  the  explosive 
at  any  strain  rate  and  the  explosive  will  be  compressed  to 
zero  porosity,  i.e.,  to  1855  kg/m3.  This  elimination  of 
explosive  voids  will  prevent  detonation,  i.e.,  it  will  dead- 
press  the  explosive.  Consequently,  the  region  of  the  ex¬ 
plosive  next  to  the  aluminum  will  become  an  inert  mass 
and  impede  the  projection  of  the  aluminum  into  the  cav¬ 
ity. 

V.  SUMMARY 

In  the  course  of  development  of  the  EFF  switch  for 
high  voltage  applications  there  was  a  noticeable  and  un¬ 
expected  degradation  in  switch  performance  at  high  cur¬ 
rent  densities;  the  resistance  was  lower  than  predicted. 
The  results  of  a  parametric  study  of  small  scale  experi¬ 
mental  data  confirmed  that  there  are  inverse  correlations 
of  EFF  peak  resistivity  with  current  density  (I/W)  or 
(I/W)2.  To  explain  this  we  considered  various  candidate 
mechanisms  including:  thermal  softening  of  the  EFF 
conducting  foil  due  to  Joule  heating;  magnetic  dead¬ 
pressing  of  the  explosive;  electric  breakdown  across  the 
switch;  and  electrical  conduction  in  the  explosives’ 
product  gases. 

Of  these  degradation  mechanisms  magnetic  dead¬ 
pressing  is  the  most  likely;  the  voids  of  the  explosive 
driver  are  compressed  by  the  magnetic  load  to  the  point 
where  the  explosive  cannot  detonate. 
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